Volatile oils from Centipeda minima extracted by steam distillation (SD) and supercritical fluid extraction (SFE) were investigated for their antiproliferative effects on the human nasopharyngeal cancer CNE cells. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay results showed that CNE cells were more susceptible to the SFE oil than to the SD oil. The IC 50 values of the SFE oil were 56.6, 8.7 and 5.2 μg/mL after 24-, 48-and 72-h of treatment, respectively, whereas those of the SD oil were 123.5 μg/mL (24 h), 97.1 μg/mL (48 h) and 83.3 μg/mL (72 h). Mechanistic investigation revealed that SFE oil induced CNE cell death via induction of apoptosis by regulating the expression of the Bcl-2 family of proteins, resulting in the dysfunction of mitochondria, leading to the release of cytochrome c into the cytosol, which then activated caspase-9, and subsequently cleaved caspases-3 and -7. This study provided strong evidence for the anti-NPC potential of the SFE oil from C. minima.
Nasopharyngeal carcinoma (NPC), a cancer having malignant cells form in the tissues of the nasopharynx, is one of the most common types of cancer found among the southern Chinese and those with Asian ancestry [1] . It remains one of the most serious sicknesses in southern China with an annual incidence of more than 20 cases per 100,000 [2] . Recent progress in the treatment of NPC has focused on high-dose radiotherapy with adjunctive chemotherapy [3] . However, side effects such as resistance were observed in some patients after chemotherapy, making the current chemotherapeutic agents far from satisfactory [4a-4b] .
Thus, there is a demand to develop alternatives for treating NPC.
Centipeda minima (L.) A. Br. (Compositae), which is distributed widely in China and some southeast Asian countries [5] , has been recorded in the Chinese Pharmacopoeia to treat nasal allergies, rhinitis and sinusitis, cough and headache [6] . Several complex Chinese herbal preparations containing C. minima as a principal ingredient are clinically used to treat rhinitis and sinusitis in China. In addition, C. minima is used in Chinese folk medicine to treat NPC [7a -7b] . Previous pharmacological studies of C. minima reported that the herb possessed anti-tumor [8a-8b] , anti-mutagenic [9] , anti-allergic [10a-10d], anti-bacterial [11a-11d] , antiinflammatory [12a-12b] and liver protective [13] properties. Our preliminary study of the n-hexane soluble fraction from the ethanolic extract of C. minima showed a strong anti-NPC effect [8b] . GC-MS analysis showed that the n-hexane fraction contained volatile constituents. As the volatile oil from C. minima was reported to be effective in the treatment of allergic rhinitis [10c-10d], we hypothesized that it might also possess active volatile components capable of controlling NPC. In this study, the volatile oils of C. minima extracted by steam distillation (SD) and supercritical fluid extraction (SFE) were investigated for their antiproliferative effects on the human Figure 1 : Effects of volatile oils prepared from Centipeda minima on the growth of CNE cells. CNE cells were treated with various concentrations of SFE oil (A) and SD oil (B) for different times (24, 48, and 72 h), and cell viability was determined by MTT assay. Each value represents the mean from three independent experiments. For the same treatment time, difference in cell viability between treatments and control (0 μg/mL) with p < 0.05 (*) or p < 0.01 (**) was considered statistically significant.
Figure 2:
Antiproliferative effect of SFE oil on CNE cells. CNE cells were treated with various concentrations of SFE oil for 24 h, and cell proliferation was determined by BrdU chemiluminescence assay. Each value represents the mean from three independent experiments. Difference between treatments and control with p < 0.05 (*) was considered statistically significant. nasopharyngeal cancer CNE cells. The underlying mechanism of the active oil (SFE oil), which showed a stronger effect on the induction of CNE cell death, was further investigated.
Both volatile oils induced dose-and time-dependent inhibitory effects on the growth of CNE cells to different extents, as determined by the MTT assay ( Figure 1 ). The inhibitory effect of SFE oil was much stronger than that of SD oil. The IC 50 values of the SFE oil were 56.6, 8.7 and 5.2 μg/mL after 24-, 48-and 72-h of treatment, respectively, whereas those of the SD oil were 123.5 μg/mL (24 h), 97.1 μg/mL (48 h) and 83.3 μg/mL (72 h).
As the SFE oil exerted a stronger effect than the SD oil, it was chosen to confirm further its antiproliferative effect on CNE cells. Various concentrations of the SFE oil were applied to the CNE cells, and DNA synthesis was analyzed by the BrdU incorporation assay. As shown in Figure 2 , CNE cell proliferation was inhibited in a dose-dependent manner after 24-h incubation.
Inhibition of apoptosis is reported to be critical to NPC tumorigenesis [1] . To determine whether apoptosis induction would attribute to the inhibitory effect of the SFE oil on the growth of CNE cells, three apoptotic biomarkers were evaluated. Flow cytometric analysis revealed that the SFE oil (25 μg/mL) significantly increased the percentage of CNE cells at the sub-G1 phase in a time-dependent manner, ranging from 2.0 ± 0.3% at 0 h to 68.5± 6.6% at 72 h ( Figure 3A) . A dosedependent increase in the population of sub-G1 cells was also observed after 48-h treatment (0-25 μg/mL) ( Figure 3B ). Results from DAPI staining and caspase activity assay also confirmed the induction of apoptosis in CNE cells. Indeed, irregularity in shape and cellular detachment in CNE cells treated with 25 μg/mL of SFE oil were observed under a phase-contrast microscopy. At the same time, apoptotic bodies with condensed chromatin and degraded nuclei were noticed ( Figure  4A ). Caspase-3 activity was significantly augmented in the CNE cells after 48-h treatment with 12.5 and 25 μg/mL of SFE oil ( Figure 4B ), which was another hallmark of the apoptotic process.
Recent studies have unraveled the critical function of mitochondria at the core of the apoptotic pathway [14a,14b] . Both the loss in the mitochondria membrane potential (ΔΨm) and the release of apoptogenic factors, such as cytochrome c from the mitochondria into cytosol, were related to the dysfunction in mitochondria, and led to apoptosis [14a] . To determine whether the induction of apoptosis by SFE oil was associated with the dysfunction in mitochondria, changes in the mitochondrial membrane potential (ΔΨm) in CNE cells were evaluated by using the JC-1 dye. Figure 5A showed that treatment of the SFE oil caused a significant dose-dependent change in ΔΨm in the CNE cells. Translocation of cytochrome c to the cytosol was also detected by western blot analysis after the SFE oil treatment ( Figure 5B ).
As the Bcl-2 proteins were reported to be key regulators in the mitochondria-mediated apoptotic pathway [15] , our next study was to determine whether SFE oil could affect the expressions of these proteins. Figure 6 showed a remarkable increase in the level of the proapoptotic protein Bad, while the expression of the prosurvival protein Bcl-xL was suppressed. However, expressions of Bax, Bok, Bmf, PUMA and Bcl-2 were not affected by the SFE oil. The main effectors of apoptosis encompass proteases from the caspase family [16] . As shown in Figure 7 , treatment with the SFE oil caused the cleavage of caspase-3, caspase-7, and caspase-9 in CNE cells. In conclusion, this study provided important evidence on the anti-NPC potential of the volatile oils from C. minima. Supercritical fluid extraction is more effective than steam distillation to recover active compounds from C. minima. The SFE oil, as the active fraction of C. minima, significantly inhibited the growth of CNE cells by induction of apoptosis. SFE oil induced apoptosis by regulating the expression of the Bcl-2 family of proteins, resulting in the dysfunction of mitochondria, leading to the release of cytochrome c into cytosol, which then activated caspase-9, and subsequently cleaved caspases-3 and -7. Bioactivityguided isolation of active compositions in SFE oil is in progress in our laboratory. Volatile oils of C. minima were extracted by two different methods, namely, steam distillation and supercritical fluid extraction. Briefly, in steam distillation, the dried and cut herbs (308 g) were distilled for 5 h using a Clevenger-type apparatus (800-7-B, Kimble Bomex, Beijing, China). The steam distilled oil (i.e. SD oil) was dried over anhydrous sodium sulfate and stored at -20°C until used (yield 0.13%). For the supercritical fluid extraction, supercritical extraction equipment (HA121-50-02, Jiangsu Nantong SFE Inc., Jiangsu,China) containing a 2 L stainless steel vessel was employed to extract the herbs (309 g). Supercritical fluid extraction was conducted at a pressure of 20 MPa at 40°C for 2 h. The flow rate of CO 2 was 20 L/h. The yield of the supercritical extracted oil (i.e. SFE oil) was 5.0%.
Experimental

Plant material and volatile oil extraction:
Cell line and cell culture: CNE (human nasopharyngeal carcinoma cell line) was purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). CNE cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco, Rockville, MD) and 1% penicillin-streptomycin. They were incubated at 37°C, 95% relative humidity and with 5% CO 2 atmosphere.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay:
Cell viability was determined by MTT assay, as previously reported [17] . Briefly, different concentrations of samples were added to the cells after 24 h incubation in a 96-well microtiter plate. Following incubation for specific times (24, 48, and 72 h), 20 μL of the MTT solution [(5 mg/mL in phosphate buffered saline (PBS)] was added to each well, and the cells were further incubated for 4 h. Medium was removed and replaced by 150 μL of DMSO in each well to dissolve the formazan crystals. The optical densities were determined by a microplate spectrophotometer (SPECTRAmax 250, Molecular Devices, Minnesota) at 570 nm.
5-Bromo-2'-deoxyuridine (BrdU) chemilumine-scence assay:
Cell proliferation was determined using the BrdU chemiluminescence assay kit (Roche, Germany) which was based on the measurement of BrdU incorporation during DNA synthesis in proliferating cells. Briefly, after incubating the cells with various concentrations of the more active oil based on MTT assay (SFE oil) for 24 h in a 96-well microtiter plate, BrdU labeling solution (100 μM, final concentration) was added, and the plate incubated for 2 h. The labeling solution was removed and the cells were fixed with FixDenat solution for 30 min. After removal of the FixDenat solution, anti-BrdU-POD solution was added and the mixture further incubated for 1.5 h. The chemiluminescence intensity was determined according to the manufacturer's instructions.
DNA contents analysis by flow cytometry:
The effect of SFE oil on the cell cycle of CNE cells was determined by flow cytometry, as previously described [17] . Briefly, treated or untreated CNE cells were harvested and washed twice with PBS. Cells were stained with freshly prepared DNA staining solution containing PI (20 μg/mL), RNase A (200 μg/mL) and 0.1% triton X-100, after fixing in 70% ethanol at -20°C overnight. Stained cells were then subjected to analysis using a flow cytometer (EPICS XL Flow cytometry, Beckman Coulter, Miami, FL). Cells displaying a hypodiploid DNA content were quantified and regarded as the apoptotic population. In each experiment, 10000 events per sample were recorded.
Nuclear staining with 4',6-diamidino-2-phenylindole (DAPI):
Morphological changes in the nuclear chromatin of cells undergoing apoptosis were revealed by a nuclear fluorescent dye, DAPI, as previously described [8b]. Briefly, cells, after treatment for 48 h, were harvested, and washed with PBS twice. After fixing with 4% paraformaldehyde and permeated with 0.1% triton X-100, the cells were stained with 2 μg/mL of DAPI (Sigma, St. Louis, MO) for 15 min. The cells were then observed under a fluorescence microscope (Nikon Eclipse 80i, Japan).
Mitochondrial membrane potential (ΔΨm) assay:
A cationic dye, JC-1, was used to measure the depletion of mitochondrial membrane potential. JC-1 exhibits potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green to red. Briefly, after washing with PBS twice, cells were stained with 10 μM of JC-1 (Sigma, St. Louis, MO), incubated in the dark at 37°C for 15 min and analyzed by the flow cytometer. Data were expressed in percentage of cells with changed ΔΨm.
Caspase activity assay:
Caspase activity was determined by using the colorimetric peptite caspase-3 substrate Ac-Asp-Glu-Val-Asp-pNA (Calbiochem, Germany). Briefly, cell lysates were placed in a 96-well plate, and 100 μM of the substrate was added. The plate was incubated at 37°C for 1 h and caspase activity was determined by the microplate spectrophotometer at 405 nm.
Western blotting:
To obtain cytosolic proteins, cells were harvested and lysed in a lysis buffer containing 250 mM sucrose, 20 mM HEPES, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM EGTA, 1 mM DTT, and complete™ protease inhibitor cocktail for 30 min on ice. Then the cells were homogenized on ice. The homogenates were centrifuged for 10 min at 1000 g and 4°C to remove both unlysed cells and nuclei. Then the supernatants were further centrifuged for 15 min at 14000 g and 4°C to separate the cytosolic and mitochondrial fractions.
The total cellular proteins were extracted by lysing cells in a lysis buffer [1% IGEPAL CA 630 (Fluka, Switzerland), 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), complete™ protease inhibitor cocktail] for 30 min on ice. Lysates were clarified by centrifugation for 15 min at 14000 g. The supernatant was collected as the total cellular proteins.
Protein concentrations were determined with Bradford reagent (Bio-Rad, Hercules, CA). Equal amounts of proteins were separated on SDS-polyacrylamide gels, followed by electrophoretic transfer to PVDF membranes (Immobilon-P, Millipore, Bedford, MA). The membranes were blocked with 5% non-fat dry milk in TBST (Tris-Buffered Saline Tween-20) for 1 h, followed by incubation sequentially with primary antibodies at 4°C and horseradish peroxidaseconjugated secondary antibodies at 20°C. Protein bands were detected on X-ray film (Fuji, Japan) using a chemiluminescent substrate. Antibodies for caspase-3, caspase-7, caspase-9, poly(ADP-ribose) polymerase (PARP), Bax, Bad, Bok, Bmf, PUMA, Bcl-xL, anti rabbit secondary horseradish peroxidase antibody, and chemiluminescent substrate were purchased from Cell Signaling Technology (Beverly, MA). Antibodies for Bcl-2, β-actin and anti mouse secondary horseradish peroxidase antibody were obtained from Santa Cruz Biotech (Santa Cruz, CA).
Statistical analysis:
Data were expressed as mean ± SD. Statistical analysis was performed using Student's t-test and statistical significance was expressed as * or ** at p < 0.05 or p < 0.01, respectively.
